Background/Aims: Acetic acid (AcOH), a short-chain fatty acid, is reported to have some beneficial effects on metabolism. Therefore, the aim of this study was to investigate the regulatory mechanism of acetic acid on hepatic lipid metabolism in BRL-3A cells. Methods: We cultured and treated BRL-3A cells with different concentrations of sodium acetate (neutralized acetic acid) and BML-275 (an AMPKα inhibitor). The total lipid droplet area was measured by oil red O staining, and the triglyceride content was determined by a triglyceride detection kit. We detected mRNA and protein levels of lipid metabolism-related signalling molecules by RT-PCR and Western blot. Results: Acetic acid treatment increased AMPKα phosphorylation, which subsequently increased the expression and transcriptional activity of peroxisome proliferator-activated receptor α and upregulated the expression of lipid oxidation genes. These changes ultimate led to increasing levels of lipid oxidation in BRL-3A cells. Furthermore, elevated AMPKα phosphorylation reduced the expression and transcriptional activity of the sterol regulatory element-binding protein 1c, which reduced the expression of lipogenic genes, thereby decreasing lipid biosynthesis in BRL-3A cells. Consequently, triglyceride content in acetate-treated BRL-3A cells was significantly decreased. Conclusions: These results indicate that acetic acid activates the AMPKα signalling pathway, leading to increased lipid oxidation and decreased lipid synthesis in BRL-3A cells, thereby reducing liver fat accumulation in vitro.
Introduction
Obesity, a pathophysiological status of excessive body fat accumulation, is caused by an imbalance between energy intake and expenditure, leading to conditions such as impaired glucose tolerance, hypertension, and hyperlipidaemia; it also increases the risk for developing atherosclerosis [1, 2] . The prevention and improvement of obesity are important issues in modern society, and an effective countermeasure is urgently needed.
Vinegar is not only consumed as seasoning throughout the world but has also been used as a folk medicine since ancient times [3] . Acetic acid is a main component of vinegar with a concentration of 3-9% for consumer use [4] . Acetic acid is a short-chain fatty acid (SCFA), which is produced by caecal and colonic fermentation stimulated by the ingestion of dietary fibre. Dietary fibre intake exerts several beneficial metabolic effects, including the reduction of the postprandial glycaemic response, plasma cholesterol and triglyceride concentrations, and fat storage. Consuming highly fermentable dietary fibre is reported to reduce serum cholesterol levels [5] . Previously, Hara et al. reported that a fibre-free diet containing SCFA also decreases serum cholesterol [6] .
In addition to resulting from colonic bacterial fermentation of dietary fibre, AcOH is available through widely consumed dietary sources. It was recently reported that AcOH suppresses body fat accumulation. Several studies have demonstrated that acetic acidtreated mice exhibited lower hepatic triglyceride (TG) content and increased expression of lipid oxidation genes [7] . Furthermore, acetic acid activates hepatic AMPKα in diabetic KK-A(y) mice [8] .
The liver is a vital organ that regulates lipid metabolism and maintains lipid homeostasis. AMP-activated protein kinase (AMPK) acts as a "sensor" and "regulator" of energy in hepatocytes [9] . AMPK modulates hepatic lipid metabolism by regulating several lipid metabolism-related transcription factors, such as peroxisome proliferator-activated receptor α (PPARα) and sterol regulatory element-binding protein 1c (SREBP-1c), both of which govern the expression of lipid metabolic enzymes [10, 11] . Therefore, the AMPK signalling pathway plays a central role in hepatic lipid metabolism. Consequently, genes downstream of AMPKα that are involved in lipid oxidation are upregulated in response to AMPKα activation, increasing lipid oxidation. These studies demonstrated that acetic acid reduces liver fat accumulation by activating the AMPK pathway.
Despite these findings, it remains unclear whether acetic acid stimulates liver cells to affect lipid metabolism. Therefore, the objective of this study was to investigate the molecular mechanism by which acetic acid regulates lipid metabolism in rat liver cells. The results of this study provide insights into the physiological function of acetic acid in hepatic lipid metabolism at the cellular level.
Materials and Methods
Cell culture BRL-3A rat liver cells were purchased from the cell bank of the Chinese Academy of Sciences (Kunming, China). Cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% foetal bovine serum, seeded in 6-well plates at 3×10 5 cells/cm 2 and allowed to adhere for 2 h in an incubator set at 37°C with 5% CO 2 and 95% atmospheric air.
Sodium acetate (NaAC) treatment
Cells were serum-starved overnight followed by treatment with sodium acetate (acetate) in the form of neutralized acetic acid to avoid changing the pH of the medium. The BRL-3A cells were subjected to the following treatments. For time course experiments, BRL-3A cells were treated with 4 mM of acetate for 0, 1, 3, 6, 12 and 24 h. For dose-response experiments, BRL-3A cells were treated with acetate and BML-275 (an AMPKα inhibitor that inhibits AMPKα phosphorylation at threonine-172, purchased from Santa Cruz Biotechnology, Inc. Santa Cruz, CA). Treated BRL-3A cells were divided into a control group (0 mM of acetate), a low-dose acetate treatment group (2 mM of acetate), a medium-dose acetate treatment group (4 mM of acetate), a high-dose acetate treatment group (8 mM of acetate), a BML-275 group (10 μM of BML-275), and a BML-275 + acetate group (10 μM of BML-275 + 4 mM of acetate). All groups were treated for 3 h. Each treatment concentration of acetate or BML-275 was replicated 24 times. Annexin V/propidium iodine staining assay Cells undergoing apoptosis were identified using Annexin V-FITC and propidium iodine (PI) dual staining and measured by flow cytometry. Briefly, cells were cultured in 6-well plates (2×10 6 cells per well) and treated with 0, 2, 4 or 8 mM of acetate for 6 h. Cells were harvested and washed with cold phosphate buffered saline and resuspended in 200 μL of binding buffer. Two hundred microliters of Annexin V-FITC stock solution was added to the cells, which were then incubated for 30 min at 4°C in the dark. This was followed by further incubation with propidium iodide solution (10 μL, containing RNase). Cells were then immediately detected using a FACSCalibur TM flow cytometer (Becton Dickinson, San Jose, CA, USA) to measure apoptosis. Approximately 10, 000 cells were analysed in each sample.
Oil Red O staining
Cells were cultured in 6-well plates (2×10 6 cells per well) and treated with 0, 2, 4, 8 mM of acetate, 10 μM of BML-275 or 10 μM of BML-275 + 4 mM of acetate for 6 h. Oil Red O staining was performed according to previously described methods [12] . Briefly, cells were fixed with 10% buffered formalin for at least 30 min. Next, cells were incubated with 60% isopropanol for 15 min at room temperature and stained with Oil Red O solution for another 15 min. Cells were washed 4 times with deionized water and then allowed to air dry. To normalize cell number, cells were counterstained with haematoxylin for 5 min after Oil Red O staining. Slides were imaged with an optical microscope (Olympus BX53; Tokyo, Japan). Twenty photos were randomly selected from each group, and ten independent visual fields of each photo were used to analyse the count and area of lipid droplets using Image-pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA).
Detection of triglyceride (TG) content
BRL-3A cells were collected after incubation with NaAC and BML-275 for 6 h. Cells were disrupted with an ultrasonic processor to collect TGs, and TG content was measured using a triglyceride detection kit (Nanjing Jiancheng Bioengineering Institute, Jiancheng, Nanjing, China).
Quantitative real-time RT-PCR
Total RNA was extracted using Trizol according to manufacturer's instructions (Invitrogen Corp, Carlsbad, CA), and RNA was reverse transcribed into cDNA using a reverse transcription kit (TaKaRa Biotechnology Co., Ltd., Tokyo, Japan) according to the manufacturer's instructions. All primers were synthesized by Sangon (Sangon Biotech Co., Ltd., Shanghai, China). mRNA expression levels were evaluated by quantitative real-time polymerase chain reaction (qRT-PCR) analysis using the SYBR Green QuantiTect RT-PCR Kit (Roche, Basel, Switzerland). qRT-PCR was performed on a 7500 Real-Time PCR System (Applied Biosystems/Life Technologies, Grand Island, NY). Gene primers were designed using Primer Express software 5.0. The primer sequences are shown in Table 1 . mRNA expression levels were normalized to the housekeeping gene β-actin. Real-time PCR was conducted under the following conditions: initial denaturation at 95°C for 3 min, then 45 cycles of amplification (denaturation at 95°C for 15 s, annealing at 60°C for 1 min).
Western blot analysis BRL-3A cells were treated for 5 min with lysis buffer containing 1% proteinase inhibitor. Homogenates were then centrifuged at 12, 000 rpm for 10 min at 4°C. Protein concentrations were determined using an assay kit (Bio-Rad, München, Germany). Proteins were separated on polyacrylamide gels and . The ECL signal was recorded using an imaging system (Bio-Rad, USA) and analysed with Quantity One software (BioRad, USA). The relative expression levels of all proteins were normalized to β-actin and histone levels.
Statistics
All results are expressed as the means ± standard error (SE). Statistical analysis was performed using the statistical analysis program SPSS 13.0 (SPSS, Chicago, IL). p < 0.05 was considered significant.
Results

Effects of NaAC treatment duration on apoptosis in BRL-3A cells.
No significant differences were observed in apoptosis ratios in any NaAC-treated groups when compared to the control group (Fig. 1A, B ; p > 0.05).
Effect of NaAC on lipid droplet accumulation in BRL-3A cells.
To analyse the distribution of lipid droplets in cells after NaAC treatment, Oil Red O staining ( Fig. 2A ) was used and showed that the total area of lipid droplets was significantly decreased at 4 and 8 mM acetatetreated groups compared to the control group ( Fig. 2B ; p < 0.05). However, the total area of lipid droplets was significantly higher in the BML-275 groups than in the control group ( Fig.  2B ; p < 0.05). In the BML-275 + acetate group, the total area of lipid droplets was significantly higher than in the medium-dose group ( Fig. 2B ; p < 0.05). 
TG content
Acetate decreased BRL-3A cells TG content in a dose-dependent manner (Fig. 3) . The TG content was significantly lower in the medium-dose (4 mM acetate) and high-dose (8 mM acetate) treatment group than in the control group (p < 0.05). However, it was significantly higher in the BML-275 groups than in the control group (p < 0.05). In the BML-275 + acetate group, the TG content were significantly higher than in the medium-dose group (p < 0.05).
Effects of acetate treatment duration on AMPKα phosphorylation in BRL-3A cells.
The phosphorylation levels of AMPKα were significantly higher in acetate-treated groups than in the control group from 1 to 6 h ( Fig. 4A, B ; p < 0.05).
Effects of different concentrations of acetate on the phosphorylation of AMPKα in BRL-3A cells.
As shown in Fig. 5A -B, the level of AMPKα phosphorylation (P-AMPKα/AMPKα) was significantly greater in the low-and medium-dose groups than in the control group and was markedly lower in the BML-275 group than in the control group (p < 0.05). In the BML-275 + acetate group, the levels of AMPKα phosphorylation were significantly lower than in the medium-dose group (p < 0.05).
Expression and transcriptional activity of PPARα and SREBP-1c in BRL-3A cells.
Protein levels of PPARα were significantly increased in the acetate-treated groups compared with the control group and were significantly lower in the BML-275 group than in the control group. In the BML-275 + acetate group, the levels of PPARα were significantly lower than in the medium-dose group (Fig. 6A, B ; p < 0.05).
Protein levels of SREBP-1c were significantly decreased in the medium-and high-dose groups compared to the control group and were significantly higher in the BML-275 group than in the control group. In the BML-275 + acetate group, levels of SREBP-1c were significantly higher than in the medium-dose group (Fig. 6A, C ; p < 0.05).
mRNA and protein expression levels of PPARα target genes in BRL-3A cells.
The mRNA levels of the PPARα target genes liver fatty acid-binding protein (L-FABP), carnitine palmitoyl transferase 1 (CPT-1), carnitine palmitoyl transferase 2 (CPT-2) and acyl- Fig. 3 . TG content in BRL-3A cells. Acetate (sodium acetate) was used in the form of neutralized acetic acid to avoid changing the pH of the medium. Data are presented as the means ± SEM (n=3). *p<0.05, compared to the control group; # p<0.05, compared to the medium-dose group. CoA oxidase (ACO) showed an increasing trend in the acetate-treated groups (Fig. 7B, D , F, G; p < 0.05). The mRNA levels of L-FABP and ACO were markedly higher in the medium-dose and high-dose acetate treatment groups than in the control group ( Fig. 7B, G ; p < 0.05), and CPT-2 was significantly higher in the medium-dose group ( Fig. 7F ; p < 0.05). In contrast, the mRNA levels of L-FABP, CPT-1, CPT-2, and ACO were all significantly lower in the BML-275 group than in the control group (Fig. 7B, D , F, G; p < 0.05). In the BML-275 + acetate group, the mRNA levels of L-FABP, CPT-1, CPT-2, and ACO were significantly lower than in the medium-dose group (7B, D, F, G; p < 0.05). L-FABP protein levels in medium-dose treatment groups were significantly increased compared to the control group and significantly lower in the BML-275 group than in the control group ( Fig. 7A, C ; p < 0.05). In the BML-275 + acetate group, protein levels of L-FABP were significantly lower than in the medium-dose group ( Fig.  7A, C ; p < 0.05). CPT-1 protein levels in the medium-and high-dose groups were significantly increased compared to the control group and were significantly lower in the BML-275 group than the control group ( Fig. 7A, E ; p < 0.05). In the BML-275 + acetate group, the protein levels of CPT-1 were significantly lower than in the medium-dose group ( Fig. 7A, E ; p < 0.05).
mRNA and protein expression levels of SREBP-1c target genes in BRL-3A cells.
The mRNA expression levels of the SREBP-1c target genes, including acetyl-CoA carboxylase 1 (ACCα), fatty acid synthase (FAS), and stearoyl-CoA desaturase-1 (SCD-1), tended to decrease in the acetate-treated groups (Fig. 8B, D, F ; p < 0.05). However, the mRNA levels of ACCα, FAS, and SCD-1 were significantly higher in the BML-275 group than in the control group (Fig. 8B, D, F ; p < 0.05). In the BML-275 + acetate group, the mRNA levels of ACCα, FAS, and SCD-1 were significantly higher than in the medium-dose group (Fig. 8B, D , F; p < 0.05). 
Phosphorylation levels of ACCα were significantly higher in the acetate treatment groups compared to the control group while being significantly lower in the BML-275 group than in the control group (Fig. 8A, C ; p < 0.05). In the BML-275 + acetate group, ACCα phosphorylation was significantly lower than in the medium-dose group (Fig.  8A, C ; p < 0.05).
FAS protein levels were significantly decreased in both the low-and medium-dose groups compared to the control group. In contrast, FAS was significantly higher in the BML-275 group than in the control group ( Fig. 8A, E ; p < 0.05). In the BML-275 + acetate group, protein levels of FAS were significantly higher than in the medium-dose group (Fig. 8A, E ; p < 0.05).
Taken together, these results suggest that acetate significantly upregulates the expression of lipid oxidation genes and downregulates the expression of lipid synthesis genes in BRL-3A cells.
Discussion
In animals, the liver is the primary organ responsible for modulating lipid metabolism and maintaining lipid homeostasis through responses to nutrient signals. In recent years, studies have shown that acetic acid can act as a signalling molecule that modulates expression of lipid metabolism genes in hepatocytes [13] . Apoptosis is well suited to a role in tissue homoeostasis, since it can result in extensive deletion of cells with little tissue disruption [14] . In this study, we observed that apoptosis seems to exert little influence on acetate-treated BRL-3A cells compared to controls. By all indications, sodium acetate caused no damage to BRL-3A cells. Lipid droplet accumulation is important for evaluating overall lipid metabolic status [15] . Our results showed that acetate treatment significantly reduced the amount and total area of lipid droplets in BRL-3A cells. Furthermore, the TG content was significantly lower in the medium-dose and high-dose treatment groups than in the control group. These results are consistent with a previous report demonstrating that acetate treatment suppress fatty acid synthesis in KK-A(y) mice [8] .
A previous study demonstrated acetic acid activates AMPKα, which in turn upregulates the expression of lipid oxidation genes in the liver to reduce fat accumulation [16] . Liverspecific AMPKα deletion in mice leads to increased plasma TG content and hepatic lipogenesis [17] . AMPK mediates glucose uptake and free fatty acid oxidation in skeletal muscle and inhibits gluconeogenesis, glycolysis, lipogenesis, and cholesterol formation in the liver [18] . AMPK is also an important lipid metabolism regulator that affects lipid metabolism transcription factors, such as PPARα and SREBP-1c [19, 20] . PPARα influences intracellular lipid and carbohydrate metabolism by regulating the expression of genes involved in fatty acid transport, activation, and β-oxidation, such as L-FABP, ACSL-1, CPT-1, CPT-2 and acylCoA oxidase (ACO) [21] . L-FABP regulates the intake and transport of fatty acids within cells [22] . CPT-1 is an integral outer membrane protein that converts activated fatty acids into acyl carnitines [23] . CPT-2 plays an essential role in the transfer of long-chain fatty acids [24] . ACO is a rate-limiting enzyme in fatty acid β oxidation [25] . Mice that lack PPARα display attenuated fatty acid β-oxidation, resulting in increased free fatty acids, as well as TG accumulation that causes fatty liver [26] . In the process of fatty acid β-oxidation, ACSL-1 catalyses long-chain fatty acids to long-chain fatty acyl-CoA and plays an important role in channelling fatty acids either towards complex lipid synthesis and storage or towards oxidation [27] .
In this study, we demonstrated that acetate activates AMPKα. The expression levels and transcriptional activity of PPARα were significantly increased in acetate treatment groups and were significantly lower in the BML-275 group than in the control group. Furthermore, PPARα protein levels were significantly lower in the BML-275 + acetate group than in the medium-dose group. These results indicate that acetic acid-activated AMPKα promotes the expression and transcriptional activity of PPARα. Moreover, the mRNA levels of PPARα target genes, including L-FABP, ACSL-1, CPT-1, and CPT-2, were in accordance with PPARα. CPT-1 protein levels were significantly increased in the medium-dose and high-dose treatment groups and were significantly lower in the BML-275 group than in the control group. Furthermore, the protein levels of CPT-1 were also significantly lower in the BML-275 + acetate group than in the medium-dose group. However, L-FABP protein expression levels were significantly increased in the medium acetate treatment groups.
Our data demonstrated that acetate increases lipid oxidation in BRL-3A cells. Increases in PPARα expression induced by acetate increased non-esterified fatty acid incomplete oxidation in BRL-3A cells.
SREBP-1c is the most important inducer of de novo hepatic lipogenesis and does so by modulating lipogenic enzymes, such as ACCα, FAS and SCD-1 [28, 29] . Importantly, ACCα, FAS, and SCD-1 are key rate-controlling enzymes in lipid synthesis. The synthesis of malonylCoA is the first committed step of fatty acid synthesis, and the enzyme that catalyses this reaction, ACCα, is the major regulatory site in fatty acid synthesis [30] . FAS is a determinant of the maximal capacity of the liver to synthesize fatty acids by de novo lipogenesis [31] . SCD-1 catalyses the synthesis of monounsaturated fatty acids, particularly oleate and palmitoleate, which are the major components of TG [31] . The incidence of fatty liver was decreased when silencing the expression of SREBP-1c, and its target genes FAS and ACCα were significantly decreased in ob/ob mice [32] . Furthermore, an in vivo study demonstrated that administration of acetic acid to rats decreased the expression of lipogenic genes, including ACCα and FAS. Mice that overexpress SREBP-1c exhibited a 4-fold increase in the rate of fatty acid synthesis, leading to lipid accumulation in the liver [33] .
In this study, we demonstrated that the expression, binding and transcriptional activity of SREBP-1c were significantly decreased in medium-dose and high-dose acetate treatment groups compared to controls. Furthermore, nuclear translocation of SREBP-1c was significantly increased in the BML-275 group compared to the control group. Total protein levels of SREBP-1c were significantly higher in the BML-275 + acetate group than in the medium-dose group. Interestingly, the expression of downstream genes ACCα, FAS and SCD-1 was also significantly lower in the acetate-treated groups than in the control group, while being significantly increased in the BML-275 group versus the control group. These genes were also significantly higher in the BML-275 + acetate group than in the mediumdose group. Furthermore, ACCα protein levels were significantly lower in acetate-treated groups than in the control group. However, FAS protein levels were only significantly lower in the low-dose and medium-dose treatment groups compared to the control group, while being significantly increased in the BML-275 group compared to both the medium-dose and control groups. Furthermore, the protein level of FAS was also significantly higher in the BML-275 + acetate group than the medium-dose group. Together with the downregulation of SREBP-1c, these data provide a molecular explanation for the well-known shift in hepatic lipid metabolism from lipid synthesis and storage to oxidation associated with high acetic acid.
